Aims/hypothesis This multinational study was conducted to investigate the association between a mitochondrial DNA (mtDNA) T16189C polymorphism and type 2 diabetes in Asians. The mtDNA 16189C variant has been reported to be associated with insulin resistance and type 2 diabetes. However, a recent meta-analysis concluded that it is negatively associated with type 2 diabetes in Europids. Since the phenotype of an mtDNA mutant may be influenced by environmental factors and ethnic differences in the nuclear and mitochondrial genomes, we investigated the association between the 16189C variant and type 2 diabetes in Asians. Methods The presence of the mtDNA 16189C variant was determined in 2,469 patients with type 2 diabetes and 1,205
previously published Asian studies was performed. Since mtDNA nucleotide position 16189 is very close to the mtDNA origin of replication, we performed DNA-linked affinity chromatography and reverse-phase liquid chromatography/tandem mass spectrometry and chromatin immunoprecipitation to identify protein bound to the 16189 region. Results Analysis of participants from five Asian countries confirmed the association between the 16189C variant and type 2 diabetes [odds ratio (OR) 1.256, 95% CI 1.08-1.46, p=0.003]. Inclusion of data from three previously published Asian studies (type 2 diabetes n=3,283, controls n=2,176) in a meta-analysis showed similar results (OR 1.335, 95% CI 1.18-1.51, p=0.000003). Mitochondrial single-stranded DNA-binding protein (mtSSB) was identified as a candidate protein bound to the 16189 region. Chromatin immunoprecipitation in cybrid cells showed that mtSSB has a lower binding affinity for the 16189C variant than the wild-type sequence.
Conclusions/interpretation
The mtDNA 16189C variant is associated with an increased risk of type 2 diabetes in Asians. 
Introduction
Mitochondrial dysfunction plays a critical role in the pathogenesis of insulin resistance and diabetes mellitus [1] . Mutations in mitochondrial DNA (mtDNA) have been reported to be a cause of maternally inherited diabetes mellitus [2] and a cluster of features of the metabolic syndrome [3] . The cytosine for thymidine substitution (T→C) at nucleotide position (np) 16189, which lies in the mtDNA control region for replication and transcription, has been reported to be associated with insulin resistance and type 2 diabetes [4] [5] [6] [7] [8] [9] . Despite these findings, a recent meta-analysis of European studies concluded that the 16189C variant was not associated with type 2 diabetes in Europids [10] .
Since type 2 diabetes is a common, complex disease influenced by both genetic and environmental factors, the result of the European study [10] may not be applicable to other ethnic groups with different genetic backgrounds who are subjected to different environmental factors. For example, the 16189C variant is found at a higher frequency in Asians than in Europids [11] . In light of the rapid increase in diabetes and the metabolic syndrome in Asia, we examined the association between the 16189C variant and type 2 diabetes in Asians, in a multinational study.
Methods
Participants Five Asian countries (Korea, Japan, Taiwan, China and Hong Kong) participated in this case-control study. We recruited 2,469 patients with type 2 diabetes and 1,205 non-diabetic controls ( Table 1 ). The diagnosis of type 2 diabetes was made by diabetologists using the WHO criteria [12] . The following criteria were used to define the control subjects: no history of diabetes, a fasting plasma glucose level of <6.1 mmol/l and an HbA 1c value of <5.8%. The study was approved by the ethics committee of the participating institutions and all the study participants gave written informed consent.
Genetic analysis The presence of the mtDNA 16189C variant was determined by PCR and MnlI digestion, as previously described [6] . DNA was extracted from peripheral blood leucocytes. The forward PCR primer was 5′-CCATT AGCACCCAAAGCTAA-3′ (15980-15999) and the reverse primer was 5′-GTAATGTGCTATGTACGGTA-3′ (16344-16325). The PCR product (365 bp) was digested with 1 U of MnlI for 2 h at 37°C and was subjected to electrophoresis on a 2% agarose gel with both positive and negative controls. There were 290 PCR products directly sequenced using the ABI 373 sequencer (Applied Biosystems, Foster City, CA, USA), and 99% (287/290) of the sequencing results were in agreement with those obtained by gel electrophoresis.
Proteomic analysis by DNA-linked affinity chromatographyliquid chromatography/tandem mass spectrometry To identify the protein bound to the 16189 region of mtDNA, we performed DNA-linked affinity chromatography and reversephase liquid chromatography/tandem mass spectrometry (LC/MS/MS), as previously described [13] . Oligonucleotides (36 bp) representing an mtDNA region flanking 16189T (light strand: 5′-CCAACCCACATCAAAC CCCCTCCCCCATGCTTACAA-3′, 5′-amine modified) were hybridised with the corresponding oligomers (heavy strand). The oligomers (84 nmol) were coupled to Nhydroxysuccinimide (NHS)-activated Sepharose 4 Fast Flow (Amersham Biosciences, Piscataway, NJ, USA). The oligomer-resin complex was incubated with mitochondrial extracts (2 mg) in 25 mmol/l Tris, pH 7.4, 1 mmol/l EDTA and 250 mmol/l sucrose, and washed with the same buffer supplemented with 1 mmol/l phenylmethylsulphonyl fluoride and 0.5 mg/ml poly(dI-dC). Proteins bound to the resin were eluted with 0.05% trifluoroacetic acid and analysed by LC/MS/MS. Briefly, a quadrupole ion trap mass spectrometer (LCQ; ThermoFinnigan, San Jose, CA, USA) online coupled to a high-pressure capillary reversed-phase liquid chromatography system [14] was used to analyse proteins bound to the 16189 region. The mass spectrometry data from LC/MS/MS experiments were analysed using the SEQUEST program (ThermoFinnigan) against a database that was constructed by combining the IPI human database (version 3.01; ftp://ftp.ebi.ac.uk/pub/databases/IPI/current, accessed in January 2008) and the sequences of common contaminant proteins such as trypsin and keratin. Details of the peptide identification method are described elsewhere [13] .
Plasmid construction, cybrid cell lines and transient transfection DNA fragments representing the human DC50 and mitochondrial single-stranded DNA-binding protein (mtSSB) genes were inserted into the plasmid pEGFP-N1 (Clontech, Mountain View, CA, USA), which contains the gene for green fluorescent protein (GFP), and the resulting vectors were named pEGFP-DC50 and pEGFP-mtSSB, respectively. Cybrid cell lines containing 16189T or 16189C were established as described previously [15] . Cybrid cells were transfected with pEGFP-DC50 or pEGFP-mtSSB by LipofectAMINE Plus reagents (Invitrogen, Carlsbad, CA, USA). Levels of the fusion proteins DC50-GFP and mtSSB-GFP, were determined by Western blot analysis, and mitochondrial targeting of these proteins was determined by immunocytochemistry.
Chromatin immunoprecipitation Chromatin immunoprecipitation (ChIP) was performed as described previously, with minor modifications [16] . After cross-linking using formaldehyde, cells were homogenised and cell extracts were fractionated by differential centrifugations [13] . The mitochondrial fraction was collected by centrifugation at 10,900×g for 3 min, and resuspended in 25 mmol Tris-HCl, pH 7.5, 150 mmol/l NaCl, 1% Triton X-100, 0.1% SDS, 0.5% deoxycholate and one tablet of protease inhibitors (Roche, Mannheim, Germany). The mtDNA was sheared by sonication, and the DNA-protein complexes were immunoprecipitated using 2 μg of anti-mtSSB or anti-GFP antibodies (Santa Cruz Biotechnology, Santa Cruz, CA, USA). As a negative control, normal goat IgG (Santa Cruz Biotechnology) was used for immunoprecipitation. Precipitated DNA was purified, and PCR (25 cycles) was carried out. The sequences of the primers for the mtDNA 16189 region were: 5′-CCACCATGAATATTGTACGG-3′ (16111-16130) and 5′-GGTGGCTTTGGAGTTGCAGT-3′ (16260-16241); for the mtDNA 3243 region: 5′-AGGACAAGAGAAATAAG GCC-3′ (3130-3149) and 5′-TGAAAGAGCGATGGTGA GAG-3′ (3558-3539), for the mtDNA 5176 region: 5′-CCTACTACTATCTCGCACCTG-3′ (5150-5170) and 5′-GTGAATTCTTCGATAATGGCC-3′ (5281-5261).
Prior to immunoprecipitation, one-tenth of each extract was collected for use as a positive control for the PCR. The PCR products were visualised by electrophoresis through 2% agarose gels.
Literature searches and meta-analysis A literature search was performed by inputting the search terms 'mitochondrial DNA' and '16189' or 'poly C tract' in PubMed (January 1998 to August 2007). All studies that examined whether the 16189C variant is associated with type 2 diabetes in Asians were included in the present study. Meta-analysis was performed using the Comprehensive Meta Analysis (version 2) program [17] . Heterogeneity among studies was assessed using Cochran's Q test. Results were considered heterogeneous if the p value was <0.10.
Results
Frequency of the mtDNA 16189C variant in Asians The frequency of the 16189C variant was higher in type 2 diabetic patients than non-diabetic subjects (35.3% vs 31.0%; Fig. 1 ). The 16189C variant was significantly associated with type 2 diabetes mellitus [odds ratio (OR) 1.256, 95% CI 1.08-1.46, p=0.003; Fig. 1 ]. We performed a metaanalysis after combining the current data with three additional datasets from other Asian studies [7] [8] [9] , to give a total of 3,283 cases with diabetes and 2,176 controls (Fig. 1) . In the fixed effect meta-analysis, the 16189C variant was significantly associated with the risk of type 2 diabetes (OR 1.335, 95% CI 1.18-1.51, p=0.000003; Fig. 1 ). There was no between-study heterogeneity (Q=9.634, df=7, p=0.210).
Identification of proteins bound to the 16189 region of mtDNA Proteins bound to the 16189 region of mtDNA were identified by LC/MS/MS. A total of 41 proteins were identified (Electronic supplementary material Table 1 ). Of these, we chose DC50 and mtSSB, nucleic acid-binding proteins localised in mitochondria, to test whether these proteins have different binding affinity to the wild-type DNA and 16189C variant. DC50 (also known as SRA stemloop interacting RNA-binding protein [SLIRP] ) is predominantly mitochondrial and is abundant in energy-demanding tissues such as skeletal muscle and liver. It has been suggested that this protein is involved in the regulation of lipid and energy metabolism [18] . It has been established that mtSSB is involved in stabilising D-loops and in the maintenance of mtDNA [19] .
We established 11 cybrid cell lines containing 16189T or 16189C variants using platelets as mtDNA donors [15] . Expression of the vectors pEGFP-DC50 and pEGFPmtSSB resulted in the targeting of the fusion proteins to mitochondria (data not shown). Following the transfection of expression vectors for DC50-GFP and mtSSB-GFP into 16189C or 16189T cybrid cell lines, ChIPs were performed with anti-GFP antibodies. After immunoprecipitation with anti-GFP antibodies, PCR was performed, giving a product of 150 bp (mtDNA 16111-16260). There was little difference between the two cell lines in terms of the binding affinity of DC50-GFP for the 16189 region (Fig. 2a) . The binding affinity of mtSSB-GFP for the 16189 region in the 16189T cell line was much higher than that in the 16189C cell line. Since the results shown in Fig. 2a indicated the possibility that the binding affinity of mtSSB for the mtDNA could be modulated by the sequence of 16189, we performed ChIP experiments to detect the binding affinity of endogenous mtSSB in the two cybrid cell lines. After immunoprecipitation with anti-mtSSB antibodies, PCR was performed with three primer sets whose products represent the following regions of mtDNA: 3130-3539, 5150-5261 and 16111-16260. The results revealed that mtSSB bound to the 16189 region, and binding affinities in 16189T cell lines were much higher than those in 16189C cell lines. No binding of mtSSB was observed with the other mtDNA regions tested (Fig. 2b) and six 16189C) were tested, and mean mtSSB binding affinity was higher in the 16189T cell line than in the 16189C cell line (Fig. 2c) , and when each was considered individually, mtSSB showed a higher binding affinity in all except one 16189T cell line (data not shown).
Discussion
In this study, we confirmed the higher frequency of the 16189C variant in Asian non-diabetic individuals (31.0%) compared with European individuals (9.2%) [10] . Despite the negative results in a meta-analysis of European studies [10] , consistent with other studies [4, 5, 9] , we found an association between the 16189C variant and the risk of type 2 diabetes in this multinational Asian case-control cohort. The substitution of cytosine for thymidine at np 16189 results in a poly-cytosine tract (the 16184-16193 poly-C tract). Since the 16189C variant lies in the control region of mtDNA replication and transcription, it was assumed to affect mtDNA replication. A recent study has reported a novel origin of replication very close to np 16189 [20] . In this regard, it is noteworthy that mtSSB binds to 16189T and 16189C with different affinities, since mtSSB is involved in stabilising D-loops and in the maintenance of mtDNA [19] . Thus, it is plausible that impaired mtSSB binding to 16189C might be associated with a decreased mtDNA content, which has been reported in type 2 diabetes mellitus [21] . However, in our study there were no differences in peripheral blood mtDNA content between 16189T and 16189C carriers (data not shown). Given the potential influence of nuclear and mitochondrial genetic variations on mtDNA replication, it will be difficult to examine the effect of the T16189C polymorphism per se on mtDNA replication in vivo. Conplastic strains of rats with identical nuclear genomes but divergent mitochondrial genomes might be a useful tool to elucidate the relationship between mtDNA variants and metabolic phenotypes [22] . A recent study suggested that human cells exhibit two modes of mtDNA replication: one is a maintenance mode, regulated at the origin at np 57, which is mainly responsible for maintaining the mtDNA copy number under steady-state conditions; the other is an induced mode, regulated at the origins and at the premature termination site at the 3′ end of the D-loop, which plays a major role in the initial recovery following mtDNA depletion [23] . Thus, it is possible that the different mtSSB binding affinities for the 16189 region change the rate of premature termination, thereby altering the speed of recovery following mtDNA damage.
Explanations for the differences in the risk of diabetes associated with the 16189C variant between Asian and European populations are not immediately clear. Interethnic differences in both nuclear and mitochondrial genomic structure and function and environmental factors may be important. The 16189C variant is found in haplogroups H, K, N, T, U, V, X and others in European populations [5] . In contrast, this genetic variant is found in the haplogroups A, B, D, F, G and others in Asian populations [11] . We recently identified the risk association of certain Asian haplogroups with resistance against or susceptibility to type 2 diabetes mellitus [24] . In this regard, mtDNA haplogroup has been implicated in disease expression in individuals with mitochondrial DNA mutation [25] . Indeed, the length heteroplasmy of the poly-C tract that results from variation at np 16189 has been shown to be influenced by different mtDNA haplogroups and nuclear factors [26] . Since we examined the mtSSB binding affinity at the D-loop region between np 16111 and 16260, we could not rule out the possibility that the binding affinity might be different in Europids than in Asians because of ethnic-specific variations other than the 16189C variant (or 16184-16193 poly-C tract) in this region. However, this is unlikely to be the case given the extremely polymorphic nature of the D-loop region around np 16189 (http://www.mitomap.org/cgi-bin/tbl6gen.pl, last accessed in January 2008). Taken together, our data suggest that differences in nuclear and mitochondrial genetic backgrounds between Europids and Asians may contribute to differences in susceptibility to type 2 diabetes, often in combination with environmental factors. In support of this notion, increased BMI has been shown to be an aggravating factor for the development of diabetes in individuals with the 16189C variant [9] .
Our study is subject to several limitations. First, the participants from Hong Kong were younger than those from other countries. The case cohort consists of 504 individuals with type 2 diabetes who were selected from the Hong Kong Diabetes Registry for early-onset diabetes (age at diagnosis ≤40 years, mean age 33.0±5.7 years). The controls consisted of 170 individuals with normal glucose tolerance (fasting plasma glucose <6.1 mmol/l) from the general population who were participating in a community-based cardiovascular risk screening programme and hospital staff. To exclude potential bias, we performed a meta-analysis excluding the Hong Kong participants. We found that the association between the 16189C variant and type 2 diabetes was still significant, both for our study only (OR 1.204, 95% CI 1.02-1.42, p=0.028) and for the overall meta-analysis (OR 1.310, 95% CI 1.153-1.488, p=3.5×10 −5 ).
Second, the number of participants in this study was much greater than in the other studies included in this metaanalysis, and so the result might be heavily influenced by the current study. In addition, publication bias may also affect the observed association between the 16189C variant and the risk of type 2 diabetes.
Third, in the meta-analysis of genetic association studies, a spurious association might be driven by population stratification [27] . Unfortunately, we did not genotype unlinked markers for genomic control, and are therefore not able to exclude this possibility at present.
Fourth, the association does not reach the accepted level of significance currently required for genetic association studies (~5×10 −7 ), although our study showed the mtDNA 16189C variant was quite strongly associated with type 2 diabetes mellitus (p=3×10 −6 ).
Finally, the restriction enzyme MnlI is not specific to the 16189T variant and will also recognise other T sites within the 16184-16193 poly-C tract, even though most people have a T at np 16189. Thus, those who have a C at np 16189 and other T sites within the 16184-16193 poly-C tract might be erroneously classified as having 16189T by MnlI assay. In our study, we sequenced 290 randomly selected samples. All participants shown to have the 16189C variant by RFLP (n=93) had an uninterrupted poly-C tract (mainly 10C, 11C or 12C). Among those with the 16189T variant according to RFLP (n=197), only three (1%) were misclassified and shown to have the 16189C variant by direct sequencing. Moreover, like the wild-type DNA, these variants had a T at np 16187 and therefore had an interrupted 16184-16193 poly-C tract. Given that the 16189C variant is thought to exert its effect through the generation of a poly-C tract, misclassification of these rare sequence variants as wildtype (16189T) might not bias the association of the 16189C variant with type 2 diabetes in this large case-control study.
In conclusion, based on a large case-control cohort recruited from several Asian populations, the 16189C variant is associated with an increased risk of type 2 diabetes in Asians. This genetic variant, which is found more often in Asian than in European populations, also results in functional changes that may contribute to these interethnic differences in risk association.
